Fluid catalytic cracking (FCC), which currently accounts for half of the worldwide petroleum refining efforts, relies on catalytic, aluminosilicate zeolite particles which slowly deactivate. As of yet, this FCC catalyst residue (FC3R) has no commercial outlet, resulting in abundant amounts of landfill-destined refuse. However, this overlooked waste has the right ingredients for the synthesis of some of today's emerging nanomaterials. High-carbon FC3R, sourced from a Uruguayan refinery, was identified as faujasite particles encased in graphitic carbon shells. We show that pulsed laser ablation of raw FC3R produces simultaneous deposition of single-wall carbon nanotubes and silica nanowires through vapour/solidliquid-solid self-assembly in distinct zones of an oven-laser apparatus. This is an extreme revalorisation and provides a new untapped resource for research and applications in C-and Si-based nanomaterials and mesoscopic physics.
Introduction
Petroleum rening relies on cracking of large gasoil molecules into smaller vapour-phase distillable products. Depending on geographical location, specic fuel needs and crude origin, reneries employ different catalytic cracking installations. Fluid catalytic cracking (FCC) and hydroprocessing (-treating & -cracking) (HP) comprise 48% and 24% of the installed capacities in reneries world-wide.
1 FCC occurs at high temperatures with the help of a uidised catalyst powder, modern versions of which consist mainly of faujasite, as well as an amorphous alumina matrix, a silica sol binder and a kaolinite clay (silica and alumina) ller. 1 The zeolite faujasite (FAU) is a crystalline aluminosilicate mineral (2-5 Si/Al atomic ratio) with a primitive cell consisting of 18-membered sodalite cages, orthogonally connected by hexagonal prisms. These result in a primary supercage and secondary pore structures which conne the hydrocarbons and, together with coordinated oxygen and sodium ions (192 [(Si/Al) O 4 ] 4À/5À tetrahedrons per unit cell), act as Brönsted/Lewis acids and crack them. 2 Of the 200-some documented types of zeolite, two types of FAU exist, X and Y, each in a variety of modications (de-/sodiated, de-/hydrated, ultrastable, very ultrastable, dealuminated 3 ). Although zeolite Y is the current FCC standard, its composition (modication) can also vary to adapt to real-time crude input and market output needs.
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During cracking, petroleum coke (PC) accumulates on different locations and components of the FCC unit (conduits, chambers, chimneys). This form of coke, specic to the petrochemical industry, is a high carbon content fuel, also rich in sulphur and metals, that inltrates (i.e., poisons) and deposits on (i.e., fouls) the catalyst, signicantly reducing the catalytic activity. 4 The PC is thus periodically burned off to maintain activity in a regenerator, the produced heat is refed into the system (FCC C-C cleaving is endothermic) and the catalyst is recirculated for further catalysis. A fraction of this circulating equilibrium catalyst (ECAT) is thus continually renewed in order to maintain activity and reduce metal and sulphur contents. Over time, however, the catalyst suffers stronger yield decline with irreversible decay due to poisoning and fouling (PC, metals and sulphur) and sintering (collapse of crystalline structure and loss of surface area), 4 requiring further cyclone removal or electrostatic precipitation, yielding the eponymous electrostatic precipitator catalyst (EPCAT). 6 Thus, ECAT & EPCAT are extracted in the form of off-white to black powders/rocks, depending on the coke content, referred to as FCC catalyst residue (FC3R), or in a broader sense, as catalyst coke or catalyst nes (catnes), to include hydroprocessing catalyst residue (HPCR). At this stage, these residues can be rejuvenated for reuse, a limited amount of times, 7 eventually becoming waste. For the purpose of this work, spent catalyst or FC3R will designate that which is nonregenerable with no residual functional activity.
FC3R is oen assigned to PC in yield statistics as a subcategory. 8 Although a by-product, upon extraction and/or purica-tion, most PC is marketed as a commonplace global commodity. Disposal is thus avoided, recycling added-value materials back into the industry. Established buyers include power generation, cement, metallurgy and industrial. Indeed, coke (PC or other) can substitute coal for domestic heating purposes and is used in the metallurgical industry as fuel or reducing agent.
9 NASA has used coke, combined with other materials, as heat shielding in various missions. 10 Yet, marketable coke must be relatively pure carbon; that is why FC3R, with its high amounts of zeolite, is not considered as such. FC3R is the largest catalyst waste category in reneries.
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In 2006, 0.5 MT of FCC catalyst were being used worldwide, 12 which will inevitably end up in landlls due to lacking technology, protability and regulation.
Research is currently exploring outlets for spent cracking catalysts. To this end, in addition to the variety of zeolites (and their modications) used in petroleum rening, an important distinction arises between FCC and HP catalyst waste, and therefore, their ensuing disposal/recycling. HP catalysts contain very high amounts of metal (Mo, Ni, V, Co, W) and their disposal/reuse implies potential metal leaching. Because of this, although both FC3R and HPCR must undergo treatment in order to meet ever stringent environmental standards, the latter metal-laden catalyst awaits greater hurdles. 7 In fact, HPCR is labelled hazardous (US & EU) 13, 14 and cannot be exported to/ from third world countries according to the Basel Convention and OECD rules.
15 FC3R, on the other hand, is non-hazardous.
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A European Commission initiative from 1991 foresaw construction materials as a potential outlet for FC3R 16 but it was not until 1997 that it was studied. 17 Largely dominated by FC3R, spent catalysts have since been tested as substitute or aggregate in a variety of admixtures, mainly for construction. In addition to refractories 18, 19 and ceramic frits, 20 their pozzolanic activity seems to hold the greatest promise: high-performance Portland cements, pastes, binders, mortars and concretes have been successfully manufactured with cement substitution rates of up to 40 wt%. 21 The characteristics of these composite products versus their standard counterparts range from similar quality to 117% pozzolanic activity, 21 147% compressive strength 22 and improved hydraulics, durability, bleeding and setting times. Despite these very promising results, spent catalysts are not yet marketed.
In our experiments, the carbon coke in FC3R was considered to provide an interesting alternative carbon feedstock for carbon nanotube (CNT) synthesis. Apart from the necessary carbon, some of the elements present in FC3R are known catalysts in CNT growth. Although Al and Si do not directly take part in CNT growth, 23 their oxides have been extensively used as growth support 24 and Si can enhance growth through oxidation. 25 The 48% void fraction of FAU can be conducive to higher CNT yields. 26 Furthermore, trapped oxygen could burn off amorphous carbon, increasing CNT purity. Finally, sulphur is known to broaden the diameter distribution 27 and to produce Yjunctions through structural defects.
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In addition, the aluminosilicate zeolite content in FC3R was expected to be conducive to silicon-based nanowires, namely silica nanowires (SiONWs). These lesser known nanohomologues exhibit excellent (blue) photoluminescence, which has dominated their study as well as their applications, dating back to their discovery in 1998. 29 Together with gold nanoparticles they feature a surface plasmon resonance absorption that can be used for photothermal cancer therapy.
30
Bolstered by their physical and chemical stability, large surface area, and biocompatibility, SiONWs are also envisioned and studied in biosensing 31 and solar cells. 32 Their chemistry is easily tuneable thanks to well-established protocols for surface modication. 33, 34 These rods have an ultimate strength one and two orders of magnitude above that of Kevlar and high-strength steel, respectively.
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Pulsed laser deposition (PLD), 36 a branch of laser ablation (LA), was envisaged as a suitable means for these experiments. PLD is one of the principal established techniques for the growth of nanowires and -tubes. Although continuous wave (CW) lasers can ablate without the help of an oven, 37 pulsed lasers are usually preferred for LA due to the higher peak power output, accumulated between each pulse and released in very short, discrete ns pulses. 38 This renders PLD more controllable with respect to the plume dynamics emanating from the solid feedstock (target). 38 Chemical vapour deposition (CVD), another standard technique for either nanostructure, is generally fed by a gaseous precursor. Solids such as FC3R would require costly and laborious liquid-state chemistry to produce sprayable or vaporisable solutions/suspensions, easily surpassing the cost of the synthesis itself. Thermal evaporation would not manage the variety of species present in the FC3R. In arc discharge (Arc), a more energy-intensive CNT synthesis route, the anode is consumed in favour of CNT-containing soot that builds up on the cathode. Compared to the required standard, high-purity graphite electrodes, the aluminosilicates in the FC3R would not guarantee the necessary conductivity. Supposing it would, its anisotropy and alternating compositions of layered cokes, would alter the eld lines and cause the arc to wander, rendering the discharge plasma unstable and unfavourable to prolonged nanotube growth. Not to mention, Arc is incompatible with SiONW growth and the aluminosilicates would be lost in the process. Finally, contrary to ablated graphite, which contributes single atoms to the CNTs, larger aromatic species present in the coke can be directly incorporated by PLD.
39
Common precursors for CNTs are carbon-containing gases and graphite. Si sources for SiONW precursors include: silicon wafers, silane, silicon-based powders (Si, SiC, SiO 2 ) and silica xerogel (mesoporous silica); oxygen can be found in the Si sources, metallic oxides can be fed in the gas phase or in impurities from other process gases (e.g., H 2 , N 2 , Ar), and/or mixtures thereof. Catalysts for either nanostructure are usually metals, for example, Fe, Co, Ni, Ga, Au, Sn or Pd. 40, 41 A number of substances have been used to activate, enhance growth or produce catalyst, such as activated carbon, graphite and metallic nitrates.
Given their popularity and impending market boom, CNT synthesis has experimented with a manifold of alternative carbon sources amongst vegetable (camphor, ). With the exception of tire powder, while some might provide cheaper alternatives, none of them represent waste, having established markets and uses. The comparatively understudied SiONWs have not required alternative precursors from recycling or waste and are yet to be explored.
Two recent reports exist on the use of marketable (zeolitefree) PC for CNT synthesis. Kai Xu et al. were able to controllably produce single-wall (SW) and double-wall CNTs by arc discharge of an Fe-PC electrode in He and Ar atmospheres, respectively. 84 Crushed, sieved coke and Fe powders were mixed at a 1 : 2 weight ratio and lled into a hollowed out high-purity graphite anode. The high-purity graphite cathode was not the deposit collector in this case, but rather a metal wire net placed near the electrodes. The high-quality tubes presented narrow diameter distributions, more so for the SWCNTs. Abdullayeva et al. found that a coke rock, gasied at intermediate temperature zones in a tube furnace under He and H 2 , produced CNTs on FeCl 2 thin lms and powders, and Fe thin lms.
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FAU is not new to SiONW and CNT synthesis either, having served as a growth template for pore-controlled diameter distributions or catalyst arrangements. Reports of thermal disproportionation of SiO show the porous structure of FAU (cages and channels) dening the core diameter of resulting core/shell hybrid nanowires. Primarily, ne, crystalline Si cores sheathed with amorphous SiO 2 were found protruding from the zeolite pores. Beyond the templated growth, the FAU provided the silica in the shells. To a lesser extent, inverted (silica core) and side-by-side (half wire) nanowires were found at undisclosed locations in the sample. 86, 87 In CNT synthesis, zeolites can similarly provide catalytic decomposition, 88 catalyst support 89 and structural templates. 90 In fact, the thinnest freestanding SWCNTs (0.4 nm) were grown inside the channels of AFI zeolite (AlPO 4 5À ).
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Given these existing synergies, the intention of this study is to provide a proof of concept for the feasibility of CNT and SiONW synthesis from FC3R by PLD, including intermittent parallels to cracking catalyst waste in general. The motivation is the revalorisation of this otherwise wasted material, addressing synthesis cost efficiency with cheaper precursors, beyond economies of scale and process optimisation. A FC3R rock from the state-owned La Teja renery in Uruguay (operated by ANCAP), that in 2004 was producing 65 T of cracking catalyst waste a year, 91 was thus used as the starting material for this work, constituting the carbon and silica precursor for CNT and SiONW synthesis by PLD. The produced nanostructures are technologically relevant 0-, 1-and 2-D nanomaterials: the expected SiONWs and SWCNTs, as well as onion-like carbons (OLCs), carbon nanodots (CNDs) and SiC nanostructures. Feasibility and proof are provided by a thorough morphological and chemical characterisation of the precursor (FC3R in 3.1) and resulting nanostructures (SiONWs in 3.2; SWCNTs in 3.3), supported by a combination of electron microscopy, micromilling and spectroscopic techniques.
Experimental

Thin lm deposition
ca. 100 nm thin Ni lms were DC magnetron-sputtered onto commercial SiO/Si wafers (500 AE 25 mm Si + 250 nm SiO 2 ) by physical vapour deposition (PVD). A base chamber pressure of 3.0 Â 10 À5 bar, an Ar pressure of 4.9 Â 10 À3 bar and a power of 103 W produced a sputtering rate of 14 nm min À1 .
Nanomaterial synthesis
Samples were synthesised by PLD. The carbon feedstock pellets (targets) were obtained by grinding a FC3R rock, faceting it into a manageable shape, appropriate for the PLD apparatus. The target was vaporised by a pulsed laser (solid state Nd:YAG Newport-SpectraPhysics Quanta-Ray 290) inside a tube furnace ( Fig. 1 ) with the parameters in Table 1 and a total radiation time of 30 min.
Material characterisation
Scanning electron microscopy (SEM) (at 10-15 kV), focused ion beam (FIB) (Ga + at 30 kV) milling and energy-dispersive X-ray spectroscopy (EDS) (10-20 kV) were carried out in a dual-beam workstation (FEI Helios NanoLab 600) equipped with an EDS detector (EDAX Company). FIB cross-sections require the deposition of a Pt layer directly above the revealed cross-section to avoid curtaining effects. Transmission electron microscopy (TEM; JEOL 2100F) was carried out at 200 kV on drop-casted dispersions in ethanol on a copper grid with a lacey carbon lm (Gatan).
Raman spectra from 100 to 3500 cm À1 were obtained in 92 All Raman spectra were baselinecorrected with a straight line through the middle of the base noise over the complete range, if not specied otherwise, and peaks were tted with Lorentzian functions.
X-ray diffraction (XRD) was performed (X'Pert MPD) with Cu Ka radiation from a Cu source in a q-q geometry conguration. Spectra were acquired from 2q with a step size of 0.026 .
Decoking
Decoked FC3R was obtained by grinding a sample into ne powder, then heating to 750 C in air and mixing, thus thermally oxidising and removing the organic and volatile coke species without thermally decomposing the zeolite (at 793 C). 
Results and discussion
FC3R
The obtained raw FC3R rocks are agglomerates of coke-covered (shell) catalyst particles (core) which present an average core diameter and shell thickness of ca. 40 mm (Fig. 2a) An elemental EDS analysis reveals C, Al, Si, O and traces of S and Na. Colour-mapped scans for each element (Fig. 2b) assign the C to the coke shells and Al, Si, O to the catalyst. A global spectrum of the area shows predominant C (Fig. 2c) due to a majority of shells and EDS penetration depth (2 mm, at 10 kV, below shell thickness), however local spectra of the coke and the catalyst show distinct species (Fig. 2d) , with Na attributed to the latter. Na ions are used to balance the alumina tetrahedra in the zeolite during its synthesis.
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Beyond elemental analysis, XRD of the FC3R produced unintelligible signal convolution due to its complex composition. Isolation of the carbonaceous species was not possible, yet, it is expected to contain mainly aromatic carbon, namely, two to ve 5/6-membered aromatic carbon rings, from C 12 H 10 to C 18 H 12 .
85 On the other hand, X-ray powder diffraction of the isolated catalyst (decoked FC3R) (Fig. 3b) (Fig. 3a) and gamma alumina (g-Al 2 O 3 ) (Fig. 3c,  right) , respectively. The latter is present as a baseline to the former, an overlay of both. The Scherrer equation, 100 based on these peak geometries, qualitatively attributes much smaller crystallites to the alumina in contrast to the longer-range order of FAU. We can conclude that this alumina polymorph is not that of the FAU aluminate tetrahedra (AlO 4 ) and likely stems from the kaolinite or the matrix, components of uid catalytic cracking (FCC) catalysts. Silica could only be marginally attributed to four unidentied peaks in the FC3R (Fig. 3c, le) . Nonetheless, the presumed FAU and aluminosilicates could be conrmed with sufficient detail and certainty for the framework of this study, indicating an industry standard FCC catalyst. The phase chemistry of the coke deposit was provided by Raman spectroscopy (Fig. 4) . The signal of the decoked catalyst powder was subtracted from that of the FC3R to reveal an approximate spectrum of the coke (not free of catalyst contributions with parasite peaks). The presumed graphitic nature of the coke shell was conrmed with characteristic D and G modes, and their overtones G 0 and 2G. 101 The thin peak width of G indicates relatively ordered graphite with few defects, 102 conrmed by a defect density I D /I G of 0.65.
103 However, the relatively intense and wide D mode attests to the disordered carbon and numerous aromatic species present, 104 as can be expected from a by-product of petroleum rening. This is supported by a low G 0 intensity and very low I G 0 /I D ratio (0.15), indicating low purity. 103 
SiONWs
Post synthesis, the thin lm sample from Z1 ( Fig. 1 ) appeared to be lacking any deposition or Ni lm. In the SEM, except for a few protruding, torus-shaped craters, the entire sample surface was covered in a dense, regular layer of nanowires (Fig. 5a ), found to be optically transparent. Judging from their shape, the craters might be due to larger target debris, projected at the beginning of the laser irradiation or impurities on the Ni surface, already present before irradiation. Upon closer inspection (of either feature) (Fig. 5b) , arrangements consisting of radially-grown nanowires appear, which, when observed with primary electrons, reveal particles at their core (Fig. 5c ). Higher magnication ( Fig. 5d and e) conrms this radial conguration of densely packed nanowires around particles, of which a local EDS spectrum reveals a composition of predominant Ni, along with O, Si and P ( Fig. 5f ): a rst indication of Ni-particle-bound SiONWs. These were identical to those in and around the craters. The bright heterostructures seen by SEM appear as transparent nanowires protruding from opaque particles using TEM (Fig. 6a) . High magnication of the wires (Fig. 6b) exposed an amorphous structure conrmed by the absence of diffraction patterns (inset). A zoom on one nanowire/core formation (Fig. 6c) was used for elemental analysis: Ni is only found at the core (Fig. 6d) , where Si (Fig. 6e) and O (Fig. 6f ) are also present, yet to a greater extent at the surface and in the wires. The excess O, deduced from a corresponding Si/O atomic ratio of 1 : 3.5, possibly indicates Ni oxide in the core. Also identied were low amounts of P, in the core, and generally dispersed traces of Al, not corresponding to any particular structural feature or location.
These arrangements with catalyst cores suggest dewetting of the Ni thin lm, a common occurrence in supported nanowire/-tube synthesis, by which a continuous thin lm at or near its melting point ruptures and coagulates into beads, due to Plateau-Rayleigh instability and surface tension. Although 1200 C is still well below the melting point of Ni (1450 C), several factors can account for this phenomenon: (1) low dimensionality is known to drastically reduce melting points, placing that of a 100 nm Ni lm at roughly 1200 C; 105 (2) the highly energetic species landing on the Ni, produced in the ablation plume (above 3500 C (ref. 106)), would further provide the necessary energy; (3) the eutectic temperature of a formed alloy, e.g. the Ni-Si system, which has a number of eutectic plateaus between 22 and 56 at% Si, at temperatures as low as 800 C (up to 1215 C), 107 all of which are allowed systems through Si diffusion. Any combination of (1), (2) and (3) would drastically reduce the melting temperature of the catalyst and initiate or maintain liquid metal-alloy droplets catalysing nanowire growth.
To explore dewetting, layer morphology, growth and possibly the early stages thereof, a deeper inspection of the SiONW layer down to the substrate was necessary. Since this layer was densely packed, a FIB cross-section provided the insight (Fig. 7) . Although the Pt layer (see Experimental) presumably compressed the SiONW layer, a $ 6-7 mm layer of SiONWs (around Ni cores) can be seen atop an intact SiO thin lm on Si, with no trace of the Ni layer. The nanowires seem to be thinner near the substrate. Furthermore, although Si-and SiONWs are oen reported to coexist, growing with or from each other, 86, 87, 108, 109 no SiNWs were observed. Several conclusions can be drawn: (1) the existing SiO lm did not intervene in the nanowire growth; (2) only SiONWs were grown; (3) the Ni layer was completely consumed into beads, and (4) nanowire growth in the lowest regions was quenched due to lacking precursors.
The vapour-liquid-solid (VLS) mechanism would imply an initial downwards growth of the nanowires, elevating the rst seeds of growth away from the substrate, eventually covering the space below. The silica, being deposited on the outer surface, would feed the continued growth of thick and dense nanowire bundles in the uppermost regions. However, the resulting limited availability of silica and Ni in the lower regions of the layer would result in smaller wires nucleating from small amounts of leover metal catalyst, which was nally exhausted in the early stages of growth.
This complex SiONW precursor, FC3R, offers many conjectures as to the growth mechanism. Aside from the common vapour/solid-liquid-solid (SLS) mechanisms involving Si and O, certain reports present carbon as a key element in their SiONW growth, through mechanisms tting the conditions described here. Upstream graphite can be gasied by a fed oxygen ow to CO 2 , reacting with Si (s) to produce SiO (g), which upon reaction with O 2 (g) to SiO 2 (s) in Si, aggregates into nanowires.
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Similarly, a CH 4 feed can be decomposed by an Fe catalyst, freeing C to dissolve in SiO 2 nanoparticles, forming SiO and CO vapours; CO reduction by the Fe releases O 2 which diffuses with SiO in the nanoparticles to nucleate at their surface as SiONWs. 111 In either case, the carbon was key and acted as a vehicle for the oxygen, to oxidise Si and SiO.
Summarising, the liquid catalyst droplets become the support for the described VLS growth, prior to or upon laser irradiation of the target. At this point, the reactants from the vapour phase are absorbed, alloyed and solved until supersaturation and crystallisation at the surface. Each nickel particle catalyses tens to thousands of nanowires depending on its size, maintained as long as the eutectic temperature is not underrun. Supposing the temperature of the catalyst is well above the chamber temperature of 1200 C, due to the incoming vapour, all eutectic Ni-Si systems would be allowed.
As to the alumina present in the target, it appears to not play a role in the synthesis. . Although bottom-up synthesis of alumina nanowires is known to occur at the reactor temperature (1200 C) by PVD 114 and CVD, 115 no such reports exist for PLD and none were observed here.
SWCNTs
Neither SEM, TEM nor EDS analyses indicated CNTs in samples from zone Z1. SEM EDS spectra of what appeared to be thinner nanowires/-tubes indicated low amounts of carbon, yet within uncertain peak intensities. However, Raman spectra from certain spots of the sample (Fig. 8-Z1 ) revealed spectra strikingly similar to that of MWCNTs, with much thinner peaks, a high D-mode intensity, a slightly lower I D /I G of 0.61 and, most importantly, a very intense G 0 and thus a much lower I G 0 /I D of 0.92, common in MWCNTs. Additionally, the rened Raman modes of said spectrum attest to the loss of amorphous carbon, aromatic species and functional groups, previously present in the coke.
In zone Z2 of the PLD apparatus, a black, powdery soot condensed on the cold tube exit. These samples produced Raman spectra (Fig. 8-Z2 ) indicative of graphitic species, including SWCNTs: a clear RBM (Fig. 8b ) between 125 and 153 cm À1 , revealing tubes ca. 1.5-1.8 nm in diameter;
116 and G-splitting (Fig. 8d) ). 118 Furthermore, the Raman features between RBM and D (Fig. 8c) resemble that of a-Al 2 O 3 . This g / (d / q /) a transformation is to be expected, since the former is a metastable phase and only a remains at 1100 C.
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EDS spectra (Fig. 9b) reveal the same components as the nanowire samples, C, O, Al and Si, in order of atomic abundance. Although C is predominant, the missing Al in zone Z1 clearly made its way here, accounting for a quarter of the atomic species. Indeed, the bright spots in Fig. 9a appear to be alumina particles (Fig. 9c) . Apart from these visible spheres, Si, Al and O are present throughout the sample (Fig. 9b) . Closer up, branched networks of nanoparticulate material appear (Fig. 9d) , typical for CNT soot.
The latter formations, upon observation in TEM (Fig. 10) , reveal superimposed species. SiC nanoparticles (Fig. 10b) and -akes (Fig. 10c) , encapsulated with 2-3 layers of sp 2 carbon display a characteristic honeycomb pattern with a fringe lattice spacing of 0.28 nm (conrmed by the inset fast Fourier transform (FFT)). 120 OLCs (Fig. 10d) and CNDs (Fig. 10e ) are also present. Most importantly, SWCNTs (Fig. 10e ) are readily found, as an underlying network and protruding from the edges of CNDs/SiC, with diameters >2 nm, undetectable by Raman. Conversely, those observed by Raman, 1.5-1.8 nm (125-153 cm À1 ), 116 could not be found by TEM, likely hidden amongst the other species present. Although MWCNTs with inner-most tubes below 2 nm are known to present misleading RBM 121, 122 and G-splitting 121 Raman features, none could be observed. This CNT growth follows the mechanism from whence it was discovered: SLS-condensation on the downstream, cooled furnace exit. 27 Though instead of a water-cooled copper collector, the air-cooled quartz tube served as condensation site. Specically, gaseous carbon was dissolved in liquid SiC and C nanoparticles to saturation, followed by crystallisation at the surface. This precipitation of graphitic carbon at the surface encapsulates the nanoparticle in sp 2 C. Through an instability in the sheet or partial dissolution of fullerenes, critical nuclei protrude outwards into CNTs. 38 Failure to produce outwards growth, closes the carbon shell resulting in the observed encapsulated SiC, CNDs or OLCs.
Although the 47% void fraction of FAU 123 is actually conducive to enhanced CNT synthesis and higher yields by PLD due to porosity, 26 these pores likely contain oxygen. This presents competing mechanisms of amorphous carbon removal towards increased CNT purity and the removal of carbonaceous species before it can be added to the CNT. Still, contrary to graphite ablation, where single atoms are added to a growing CNT, larger aromatic species present in the coke can be directly incorporated. 39 Finally, no alumina nanoparticulate could be found, crystalline or other.
The benets of the low cost and availability of FC3R outweigh the complex heterogeneous composition of the coke, with further research necessary to ne-tune the selectivity, quality and yield of the numerous valuable products. The advantages of PLD with respect to its plume dynamics could be combined with the scalability of CVD, tailoring CNT seeds by the former with continued growth by the latter. Alternating functionally-graded CNT layers could be achieved by changing the pulse parameters.
The worlds rened hydrocarbons are chiey produced by FCC and HP (48% and 19%).
1 Extending these ndings to spent cracking catalyst waste in general, the little-to-no silica precludes the use of spent HP catalyst for SiONWs; and although the metal content might be pertinent to SWCNT catalysis, the low amounts of carbon (due to a reduced coking tendency) and the absence of any tendency for alumina to selfassemble in an oven-laser apparatus, would render HPCR a mere source of alumina nanoparticulate with marginal SWCNT yield, at best. Thus, FC3R stands out as a candidate for revalorisation as proposed here.
Conclusions
The waste, taken directly from a renery, was identied as highcarbon petrochemical cracking catalyst waste, FC3R, consisting View Article Online of petroleum coke-covered (predominantly sp 2 ) zeolite Y and gAl 2 O 3 . The resulting PLD nanospecies were produced in two distinct zones of a simple lab-scale oven-laser setup, from untreated FC3R. On samples directly opposite the FC3R target (zone Z1), the reected plume produced an optically transparent layer of amorphous SiONWs, consistent with a metalcatalysed VLS mechanism, as densely packed, radial bundles around Ni particle cores at their base. At the downstream, cooled tube-furnace exit (zone Z2), condensation produced SWCNTs (and other nanocarbons: sp 2 -encapsulated SiC nanocrystals and -akes, OLCs and CNDs), consistent with a nanocarbon-catalysed SLS self-assembly. Our hypothesis and concept are thus proven, constituting (1) the rst use of a waste feedstock for SiONW synthesis, (2) one of very few such attempts for CNTs, and (3) the rst (high-tech) outlet for FC3R and catalyst coke in general.
Silicon is the most eminent material in electronics. From bulk to thin lms, its semiconducting properties have permeated technology, until recently, unchallenged. Enter wires, tubes and dots of various materials. Thanks to their size and/or aspect ratio, these low-dimensional nanostructures are now competing for their share in future technologies. Carbon, from the same group in the periodic table, is possibly the strongest contender. Respectively the 2 nd and 15 th most abundant elements in earth's crust, neither Si nor C are scarce nor are they conict materials. But as high-tech nanomaterials continue to inltrate technology, so does the need to reduce, reuse and recycle ('the three R's'). Although a petrochemical precursor may not qualify as green, its use does address the third R of a currently otherwise wasted and contaminant resource, mitigating its environmental impact. Moreover, if recycled materials are of particular relevance since they avoid waste and its disposal, then indeed transforming petroleum cracking waste into 0-and 1-D nanostructures of great technological value such as SWCNTs and SiONWs would fall into the more coveted end of the recycling spectrum, upcycling. This extreme revalorisation of abundant waste could fuel research and applications in mesoscopic physics, optical bres, Si-and C-based nano-and microelectronic devices and composites.
